Lawrence Berkeley National Laboratory
Recent Work

Title
ANGULAR DISTRIBUTION OF PROTONS FROM n- -p SCATTERING AT 900 Mev

Permalink
https://escholarship.org/uc/item/63297266

Authors

Maglic, Bogdan C.
Feld, Bernard T.
Diffey, Carol A.

Publication Date
1961-02-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/63297266
https://escholarship.org
http://www.cdlib.org/

UCRL™ 7>

UNIVERSITY OF
CALIFORNIA

Ermest OOCWW
"Radiation
Laborator

~

K
TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
- J
BERKELEY, CALIFORNIA




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



{\.“"l ~~r\'.

-armited Dics oy v

URIVERSITY OF CALIFOWNIA

Lawrence Radiation Laboratory
Berkeley, California

LContract No. W-7405-eng-48

ANGULAK DISTRIBUTION OF FROTONS FAOM ‘n-«-p SCATTE KING AT 900 ;ae

Bogdan C. Magli€, Bernard T. Feld, and Carol A, Diffey

Februazry 1961

oV
¥,

P N



- UCKRL G
ANGULAR DISTRISBUVION O PROTONS FROM t ~p SCAT TERING AT €00 Mav

Soddan . Magli€, Bernard T. feld, and Carol A, Diffey

Physice Department and Laboratory for Nuclear Science
Massachusetts Institute of Technology

Febzruary 1961

A3STRACT

I'he shape of the m -p differentizl scattering cross section in the backwr.
hemisphere should be sensitive to the nature of the 'resonances' aszum=zd to be
responegible ‘icr the peaks in the total cross section at H00 and 900 Mev. The
angular distribution of protons scatiered in the forward hemisphere by pionsg
of kinetic energy arcund 92% Mev, corresponding to pion c.m, angles from €5 &
to 150 dey, was obtained by placing nuclear emulsions close io liguid hydrogon
and by measuring the direction angle and the grain count of every proton track.

It is showm that the sensitivity of émulsions in the temperature region

22°K < T <90°% does not drop below 85% of the sensitivity at 300 K.

o
H
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The resulting distribution ig consistent with the assignment of :'33':;

'

D

fE/ ¢ respectively, for the 600~ and 900-Mev levels.
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I. INTRODUCTION

following the .experimezz?. by Irisch et al. on the w.p cross section, :
which first resolved the broad maximum near 300 Mev into two clearly
separated peaks, g the question of the properties of the states regponsibie
for these peaks has been the subject of considerable speculation. From the
absence of the peaks in 'rr+-p croes section, 3 it may be concluded 'i:fza'; Loth
states have isotopic spin t = 1/2, On the basis of the picn phetog:educffnn
meagurements, Wilson suggested that the peak at 600 Mev corroaponds L@ o
excited state of the nucleon characterized by the angular momentvm 3/2.°
The 900-Mev level apparently corresponds to the ¢ = 1/2, J%5/2 excitel
state originally postulated by Cool et al, 2 but not resolved by them from the
t= 1/2, 3 = 3/2 peak, tdowever, the assignment of pion corbital angular
momentum for both of these levels is ambigious: The §00-Mev level could
be either .P;;é or Di’;g . 5 while the higher one could be Dé’/f,gj oy Fé?;ﬁ 3tk
nave J » 5/2. The cross-section data are shown in Fig, 1, in which zre
plotted the resuits of recent measurements on 7 -p and 3 -p cress seciioar

Information on the parity of the 600~iev level comes from rneésure-
ments of the polarization of the recoil protons in the reaction y + p = p ¢ *.'aﬂ.,
Stein, 7 confirmed by Connolly and Weill, 8 presents sirony evidence that the
« parity of the 500~ Mev level is opposite to that of the 300-Mev level {well

3/2

- . . e . : i/2
® known to be 133/2 } » thereby identifying the 500-Mev lavel as 23,%';,2“ Howev.
. =
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interpretation of the measurements by Stein is noi cowmpletely wnarmbigious,

. ps 1 g . . 5 i/2 s
and the possibility still remaing that the level may be 3”;2 e Thu intevp. .

of the 900-nev level is still more uncertaid: in the sbesence of definite evide - .

{either pro or con} we adopt the prevailing hvpothesie that this level mavy

i/2 9
be Es/za

1f the nature of one of the levels were established, the different
possible interpretations of the other could be checked by observation on the
angular distribution of pions elastically scattered in the energy region
in which the two levels interfere, This possibility is illustrated by the
curves in ig. £, in which we show the angular distributions which would

result frem pure resonant gcattering {Sec, 1Ii-8B} ueder the two assumpiic- -

discussed above, When the diffraction~scattering contribution is added (o
these curves, it will completely dominate the scattering in the for ward
hemisphere. Only the angular distribution of % mesons in the backwarc
hemisphere will be relatively unaffected by the diffraction scattering, aad
thus useful for making a clear distinction between the two hypotheses,

In making this comparison, it does not seern necegsary to know the asolute
differential cross sectionr it only the relative valves {the shape} between

90 deg and 180 deg {c.m. ). Since the backward pion angies correspond to
forward angles of the recoil protons, an alternative approach ig to msoasure

the proton angular distribution in the forward hemisphere.
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. EXPERIMENTAL MLTHOD

A, Use of Nuclear brnulgions at Low Temperatarces

The raost accurate proton angular distribution measurements at low
energies have been performed with nuclear emulsions. However, comparanii.
accuracy has in general not been achieved in experiments at high energies,
owing mainly to the very high general background at acceleraters and the lowv
intensity of the investigated beams; hénce, the nuclear emulsion--an instrur .
incapable of time discrimination—hae been used mainly as a qualitative tool.
But the measurement of grain density allows for momentum determination
over a relatively wide range of protén momenta; this suggests that, with
the help of the kinematics of the (two-body) proton-emitting reaction in
question, one should be able to discriminate the relevant proton tracks from
the general background by accepting only a certain grain count at a given
angle of proton emission, With this idea in mind we have made a set of
measurementsm with nuclear emulsions, FGi¢Tr&d {o both angular and time ' .

puticns of the background, at the Brookhaven Cosmotron {fig. 4), We found (¢}

that the angular distribution of the background is nearly isotropic; (B)the i- . 7y

of the background is proportional to the time of exposure, almost independeri

the fluctuations of the machine-beam intensity; and (c) it is peaked at the ioaii- &

minimum but has a broad velocity distribution. From these studies we concly. .’
that emulsions could be used as an angular-~distribution and polarvization detec .
in reactions such as 7w-p scattering, provided that the true track-to-back.
ground ratio could be increased by a factor of 10 to 100 over its normal valu:,
thus allowing short exposures. This could be achieved either by increacing

the p-beam intensity by the same factor--an unrealistic objective at the time

L
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we were planning cut experiment--ar by placing the e.nuisionrs ce close
to the target—into the liquid hydrogen or in between it and the liguid
nitrogen cooling agent--that the geame factor is gained in the solid angle.
The behavior of ernulsions at low temperatures has been studied

11 Their results indicated that large variations of the

by Waniek et al,
emulsion sensitivity are expected in the temperature region between liguid
nitrogen and He; e.g., the liquid nitrogen sensitivity was reported to be
about 75% of the 20°C sengitivity, while at the temperature of liquid e

it returned to 88% of the value at 20°¢. Since such variatione, if real,

would make any energy measurement based on the grain ccunt unreliable,

we decided to remeasure the emulsion sensitivity in the temperature region
from 22 to 90 °K, with no special precautions taken for accuracy, but anly

to see if the sudden drops of sensitivity occurred anywhere in this temperatu.-
region. The temperature was measured with a copper-{Constantan thermo-
couple; linearity of emf vs temperature was assumed between the boiling
'points of hvdrogen and nitrogen., For none of the 30 (.5 pellicles did

the grain count of the minumum-icnizing particles drop below 85% of

the sensitivity at 20 OC; most plates showed 87% of the grain count at

20 °cC. Typical grain-count values obtained are plotted in Fig. 3, together
with the measurements by other authors, We did not find any sensitivit
drops larger than those shown in the figure, in the emulsions used later

in the actual experiment. However, since it is poszible that sensitivity
varies from batch to batch, and depends on the warming-up and the
development procedure as well, we do not claim any quantitative accurzcy

for the results shown in Fig. 3, 12 Nevertheless, we conclude that
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emulsions can be used in grain-count measgurementis between 24 K 2ad
90 °K. This has enabled us to subtend a solid angle about 50 times as larg: .
in the experiments with liquid H; as target, as would have been posnible
if we had had to place the ermulsions ocutside the target.

8. I xperimental Arrangement and Procedure

Figure 4 shows the beamn geometry and the target-detector array
at the iircokhaven Cosmotron. Negative 7 mesons, prcduced in an internal
| copper target, passed through a pair of strong-focusing magnets and a
deflecting magnet. The median pion energy was 925250 Mev; but taking
into account the large energy spread and the shape of the resonance peak
{Fig. 1), our "effective! pion energy was 892 Mev.

The target was placed behind a 12-ft Cosmnotron shield in a concretc
"house' with a 6-~ft-thick wall and with a 1.5-ft steel roof, In a previous
rmm10 with a dummy target this shielding was found sufficient to reduce the
background to 10Y% of its intensity without the house. The standard liguid
hydrogen target used, with liquid nitrogen as a cooling agent, was originally
designed by Lindenbaum, In order to avoid unéerta.inties due to the presenc.
of material between the liguid hydrogen and the emulsions, we eliminatzd
the usual metallic container (bronze foil), and poured the hydrogen straighi

into them The liquid hydrogen volume was 20x4-15 inch.c .

The emulsions were placed in long slots in the Styrofoam walls, both leit

and right of the beam center, 1/2 in. from the liquid. Two suci identical
target assemblies were used alternately, with a number of gpare Styrofoam
contaziners, {(The relatively thin Stryofoam walls between t1, and the

emulsions were likely to break owing to low-temperature stregces; {(we
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such breaks actually cecﬁx'red duriag the exyp svimaent. ; The temresaine @l
the centei* of the baieh of peliicles was ahsa 58 Y, The plates (2X3 in.
in one posgition (fm-wa.rd) covered an angul ar range "er 5 ¢o 8C deg {12 w» 15
CoMo }s while the other {middle of the Styrofeam can&aén‘er} coveresi the
region from 15 to 90 c’zeg {35 t¢ 180 deg c.m. ). Two zf:.c‘em een ionizgiion
cha..mbers were ulaced on. each side, 2. 5 in, from the beam cenier, againct
the target box, to mmitor the radiation received by the ermulsions. The
ratio of the irradiation ineide the target to the Victoreen reéding suiside
the chamber was determined prior to the main zun, Tﬁe YVictocreen |
readings were taken every 15 minutes during thé exposures. A mexiraum
irradia_tien éioée of 25 mr to the plates was aliowed.

A m-meson c'oimter'telesscope was us'edt to nﬁoﬁitér the pion beam
behind the target, An average intensity of akout. 10° _v/cma per 10t
pé’imary protons was oktained during eaéh. run, The T beam was coliima.rd
to 3X5 im, The 1ater==1 intensity a.'im.ai::s'lI;mi:zone measured by the counter
mleécépe, is shown in Mg, 5. The angular spread of the beam wag
eatﬁmated to be # 3/4& deg.

We made four expcsures with the W~ beam. in each of the fovy =
-pﬂaurea an m’tenra ed i!ux of 3)&108 # rnesons was incident on the tavgel in
about 3 tc 4 hours.' 'Tb.e ex;msures were: (a) taxget campieﬁely.empéy;

b} mtreg n in the cooling sysi:em, hydrogen container empty; (¢} and
{4} actual runs *v_.vith liquid hyrdrogam The emulsions were Lrought to
:fqom.’cempera’cure siowly and developzd by a standard technigue. The

minirnum grein count wae determined from obsexywving the A TaYS,
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The true-to~background ratio was determined to e £6:1 by
counting the number qf tracks per unit area of the 500 pellicles in runs {c) #nd -
and comparing it with the same number from run {b). Typical numbers
obtained at three different positions from the beam center are shown in
ig. 6.

C. Analysic of the Plates

The front region of each pellicle was scanned parallel to the front
edge, from the middle of the pellicle outwards., The grain count and the
direction angle of every track were measgred. A 330-g field of view was
used to measure the angle; a magnification about two times as large
was used to measure the grain count. The resulting distribution vas ploited
on a diagram of grain count g v& angle T, in which each track was representad
by a dot. A typical experimental distribution for three plates is shown in
Fig. 7. The solid lines represent the upper and the lower iimite to the
acceptable grain count. The width is due mainly to fluctuations in the grain
count for cool emulsions and the energy spread of the initial beam, but other
factors (target and the emulsion thickness traversed) were taken into accouat
as well,

D. Corrections and the Result

To the angular distribution of proton tracks, as obtained from each
plot like the one in Fig. 7, two geometrical corrections were applied, (a) targev
geometry correction, and (b) detector geometry correction, so that the
angular distribution at every angular interval is multiplied by the geometrical

correction factor

LYy A a0 o
(45 dez) A(45 dea)de
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where L{J)/L(45 deg) and A(3)/ Al{45 deg) avz normalized try 3.2 L ooih
and detector area respectively, and d/dw is the convercion [-om lab
to c.m, solic angle,

Apart from the geometrical corrections (a) and {b), a correctica (¢}
was first made for total background due to both the inglastic procegser in
n 4p interaciion and the gensral background. The number of dots per unit
area was determined in that part of the g-3 diagram adjacent to the region
of acceptable grain counts. We assumed that this gave also the approximaiz
number of background particles in the region of the acceptable grain count,
and subtracted it from the number obtained in each angular intervai. Thic
amounted tc a correction of 2% to 8%, depending on the angular interval
from the known data,n on the cross section, and angular and momentum
distributions of the inelastic proceas at 1 Sev, we estimated the expectzad
background aad found it to be in rough agreement with the observed background.

At small angles, less than 8 deg in the laboratory system, the
proton tracks cannct be easily discriminated from those of 7 mesons. The
ratio of specific ionizations is 1.06 to 1.1, and it rises rapidly with increasz
of the angle. Thus the point at cos 9 = - 0.9 is less reliable than the cthex
pointe.

In all, about 1,600 tracks were measured. After all the correctiont
were applied to the observed distribution, the pointSwere plotted
against cos ’:?)ﬂ the pion scattering angle in the center-of-rmaos

system shown in ®igs. 8 and 9, Typical numbers of
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protona are given next to some of the points in fig, 8. About ¥/70 of
the indicated errors are statistical in origin, The rest arise from un-
certainty in normalizing our points to the abuslute values of the differentiz!
cross settion,
I, INTERPRETATION

A, Comparison with the Results of 'rwin and opp

In rig. 8, our results are compared with those of Lrwin and i{cpo, 4
who observed elastic % -p scatterings in a hydrogen bubble chamber. The
main difference between their data and ours is in the angular dependerce in
the region of cos 3 = -0.5,

This difference, although not far outside the statistical accuracy
of their results and ours, serves to emphasize the difficulty of drawing fizm
conclugions, even of a qualitative nature, on the implications cf such ob-
servations, Thus Frwin and Kopp had concluded, on the basis of the curve:
gshown in E‘igg 8, that the cross section at 950 Mev contains little “spia-flip"
scattering, a conclusion which could not be drawn from a comparison of
the same curves with cur data,

The three curves drawn in Fig, 8 were computed on the following bacis:

The curve labeled P, assumes pure spin-independent scattering {st

Appendix I); it is a least-squares fit of the data of Erwin and Kopp to the

formula
. 4 2
, 2 1=
%gs X %:—o (2¢41) a,F, [cos B)| {2)
i f ‘
with a,=e sin 8£ . The curves labeled F+D and D+ F assume pure

spin-flip scattering.i=., f(e)ﬁ = O( see Appendix I) with the main contributicns

to g{0} arising from scattering in, respectively, the Pé;é and D;;% siate
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and Déﬁ and Fé:j/’g states. CQur deta, in contrast wilk thodo of Jrwin .
Kopp. favor their D-F spin-flip curve,

However, as discusased in the following section, the analveic czonoi
be made on s8¢ simple a basis. Scattering in two rescnani stater vhich
would lead to appreciable spin-flip, would also have an cppreciable influzne.
on the non-spin-flip scattering, in particular through interferenc»e. with the
nonresonant 'diffraction' scattering which would arice from picn absorption
and inelastic scattering, expected to be important at the sn2rgics of theze
experiments. It is also imporiant to note that the rapid variation of phace
shifts with incident pion energy, a characteristic of the reconant nature of
the scattering, could lead to appreciable variation of the shape of the angular
distribution with incident pion energy. Thus, the relatively small differenc:
in the effective pion energy between our experiment and that of F.rwin and
Kopp might account for the difference, if real, in the observed angular
distributions at large pion scattering angles. However, the data of the Bologar
group, 15 obtained at a pion energy haliway between that of our sxperiment

and the experiment of £rwin and Kopp, show features more cimilar to cuwn.

B, Phase-Shift Analysis

When the scattering depends on the total angular momentum {j =2 £ /7
az well as on £, the expression for the differential elastic scattering croos

gsection becomes more complicated than ¥q. (2):

. 2
14 2
W”'“@)s slgwl? . {3)
Lxpressions for £(0) and g{(0), the non~spin-flip and the spin-flip amplitudaoc,

reopectively, are given in terms of the phase shifis 62 141/2 in Appendix 1.
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In the case of @ regonance in 2 given atate {/. j}, the cor: :aponding phiuvw
shift goes through 90 deg at the resonance energy,
The resonant phase shifi may be cbhtained in terinn of the parawncter .

conventionally used to describe the resonance through thz cxpression”

il . .

el 2i8 Zia
= - = P
Tes = b (E-¥_jmE72) 2 ° ae" ", 4

where E‘r is the resonance energy, and ref and T are the reconance
widths for the elastic and total cross gections respectively, In suaneral, fox

r <I', § is complex, and it i8 convenient to express the amplitude

el

n in terms of the real constants a and a.
The resonance conatants may be evaluated from the observed crosu-
section curves. In particulax, at resonance

2,241, tof

() - (5)

(}reséi‘.zﬂr) = 47 )Lr

e
o

However, in the case of the observed pion-nucleon crose section curvae.
necessary first to separate the ioctopic spin 1/2 and 3/2 componentio
.+
o{n p)= {3/2), {6a}

and e 2 13 \
" p} = x4 0i1/2) + 3 04‘2)3 (&b

and also to subtract the background of nonrescnant scattering belors the
resonant cress sections are obtained. Since theve is a certain arbitrarvinzac
in this subtraction procedure, there ie some ambiguity ia the resoneance
parameters obtained by this procedure, especially in the energy region of

interest to 28,

1. Simpile interpretation

A number cf investigators have attempted to obtain the resonancs
parameters for the 500~ and 900-Mev resonances by the procedure ouilined &l
\ e 8T o
We have used the following values of the resonant phase 35ifts” avalv-ind a, o

pion energy 900 Mev:
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i

2372 © 0.9, 43/2 = 161.2 deg; {Ta.
3.5/2 = 0,7, QS/Z = 90 deg. - {Th)
We have then evaluated the differential acattering cross section under tvo

assumptions:
{a) }:)3 /2" 5‘5 /Z combination -
%2,3/27% %3/2° ®3,8/27 %s5/2°
All the reest of the 51”!:&”2 are equal to 0:

{b) P3 /2" F5 /2 combinaticn—

21,3727 *3/2° 23,8/27 F5/2} {8b)
%1,3/27 %3720 %3, 5727 ¥g/2
All the rest of the 5!, £21/2 are equal to 0,
The resulting differential elastic ecattering crose sectiong are
plotted vs cos I (c.m.} in Fig, 2.

2. Resonant plus hard-sphere scaitering

The above interpretation has neglected the elastic scattering in all
states other than those of the assumed resdnances. Clearly, a reasonable
analysis must take intc account the '"potential'' elastic scattering in all
states, including those in which there is a resonance, in grder ¢o cbtain
some gualitative idea of the effects of such potential scattering, we have
computed the differential scattering cross section according to & crude
{and admittedly inadequate) model, in which we have superimposed the

diffraction scattering that would result from a hard spheres of radius
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R = 1 fermi on the resonant scatierirg riscur ca in the procasdire zaelien,
The {spin-independent} hard.-opherse acaiierins phare ehift.. o cirldine

from the standard formuia
jgtk R)

tanfbg’éwms

are then combined with the resonant scattering phace shifls accordin, to th.

e 16
presceyiption
_ ‘ . {res)} . (10}
Mg,5 = Ty (POY) 0L,
where ‘
nglpot) = exp[2i6,] , (1)

and nl.’j(x'ea‘; is given by Eq, (4} We have included only texm3 with

£ g3, for which Eq. {9) gives §, = - 168 deg, 6y = - 97 deg, b, = ~ 45 Cac,
and b5 =~ 15 deg. Using these values of 6§, together with the resonanca
scattering phase shifts given in the preceding section, we obtain the cav i
sections plotted in Fig. 9.

IV, DISCUSSION

Qur experimental resuits are compared with the computed crog:
section curves in Fig, 9. The most distinctive feature cf the computed curve-
the strong maximum at cos D = {, is clearly absent in the abaé:vaﬁ;ion: gl
by Erwin and Kopp {Fig. 8) and by us, iowever, we are not inclined te rage: ;.
this as a singificant discrepancy, since this peak can be ascribed tc ouw
arsumption of hard-sphere scattering, which is certzinly not apprapriz.c o
the actual situztion. A more reasonable model for the poteontial scattering
would consider an abeorbing sphere. with incomplete opacity {(grey . athur

than black), possibly varying with pocition in the apherz, and probably
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with 2 “fuzzy' boundary. Such a model is quite poorly approximated by
our “hard!' gphere; it would undoubtedly reoult in an appreciable reduction
in the strength of the peak at approx 0 deg, as well asg in dimiaution of the
relative eﬁécw of the potential scattering at backward angles {the differences
between our Fig, 3 and Fig. 9).
| Nevertheless, a campaﬁson of Figs. 3 and ¢ serves to emphasize
the possibility of relatively important effects of the nonrésenant scattering
on the angular distributions, even at the backward angles, and warns us of
the necessity of taking such effects into account in interpreting such experimente,
Beyond this, we note especially from Fig. 3 that the angular distributions

for resonant scattering are not markedly different in the two aspumptions

18 Although our ob-

cencerning the nature of the second (600-Mev) resonance.
servations seem to weigh somewhat in favor of the D3 /2" Fa /2 combination,
in confirzﬁation of the conclusions of Stein, 7 we cannot presume to draw any
firm conclusions from our data. Nor have we explored the coneequences of
other assumptions on the nature of the resonances {e. g. s Py /2" @":u3 /2)’ or
the consequences of varying the absorption radius R or of introducing a finite
trangparency in an absorbing sphere. Also, we have tacitly assumed that the
1.35-Bev level{s) has (have) no influence on the angular distribution at 0.9 Bev.
We believe that some of the ambiguity of cur conclusions coulid be
resclved by measurements of the polarization of the elastically ascattered
recoil protons. Although it was not possible to obtain suchk a measurement
in cur experiment, owing to the high density of the tracks in our plates, we
believe that using nuclear emulsions in conditions similar to those employed
by us (but with only 1/3 or 1/4 of the number of protons per rnm‘,'é1 will allow

thic type of imeasurement when using our result on polarization analysis by

scatfering in emulcions and an along-the-track method of scanning.
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The scattering amplitudee of Eq. {3) are given by the foll.wing
expressions:
{Non-spin-flip)
£(8 i z o
{8) = s P, {cos 6) | {£+1) €n£s“i/z ST N .

{Spin-1{1ip)

1 1, fameey, [ =
#0:8) = g 2 Y, ‘9"“’/""""2'1"%?)“"['%,2&/3‘ ISV

7y, ;." e::p{alégj] = a expl Zio.ij 1.

with

For a = 1 {5 real)
femn= Ziei’&sins a ia
Farthermore, for spin-independent scattering 6&;.24»1/2 = 6'4,5_1/2 ;
and':ezq. {Al) reduces to Eq. (2}, while g(6,9) =0 .
’ | Finally, in the case of abzorption a <1 it is coavenient {o writc
lnﬁzéiwaezm-):g-b(E-eZiﬁj.

Equating the real and imaginary parte gives

. . &
ia+l2asin o
aemmic

?

tan 8 =

and

asinzZa

b= 5 TE

. , v

The use of the form of {1 - 0} given in {AS) enables us to uge all of the fo-mulzs

conventionally developed for pure elastic scattering, with oune sirnple sk oiiiuirn:
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sin §‘€¢j - b sin ﬁg’ . s {A8z2)

cos (sf,,j'sff‘,jﬁ“"cos “39,5'%,30‘-" {A8

Appendix II

Using Lqgs. {41-2) with terms including £ & 3, the differential elastic

,..-.a
0

scattering cross section may be expanded in a series of Legendre Polynom

Z da ¢ 99
EQ""AP +BP£+ +GP(coa6) . {59
The coefficients A-G are given by sums of the forrm {{) representing, succesasivel -,
A-G)

Q= Zz Qx. bab smﬁ smﬁ cos(ﬁ-ﬁ), {A10)
F; Wi

with the Qi.j as given in Tables 1-Vi} below, For example, from Tablz II
B=2by 17505, 1/25m By, 172808y ;759088 15 =By 1720
by 1/2P1,3/28m By, 17280 By 375208 (By /5 - By a/3)

*-ovooé.ooeeooeno

72 . . | .
Yo Py 572 03,772 580 By 5/, iR By 9 5008 By 5p - B3 g0

All terms not included in the &abieazo have value @,
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Table 1. "A‘ii coefficients in P,

i i Ny
S1/2 S1/2 3
PI/Z PI/Z i
F3/2 F3/2 &
B3/2 D3/2 ¢
Bs/a D5/ 3
Fs/2 Fs5/2 3
Fi/2 F2/2 4

Table II. Bij coefficients in Pl

2 2 Zij
S1/2 Fi/2 | 2
S3/2 P3/2 4
Fis2 D3/2 4
Py Dy/z 4/5
Py/s | Dy /5 36/5
Dy, Fs/2 6/5
Ds /5 Fg/; 18/35

Ds/, F2/2 72/7
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Table III. Ci.j coefficients in PZ

43

a2 v

[
ot o

D ad o

S1/2 Dss2 ¢
Si/z D5 /2 6
Py/a P3/2 4
Fy/2 Fgra b
P3y/2 P3/2 2
Py, F5/2 12/7
Py F1/2 72/7
Dasz Di/2 - &
Dy, Dy /5 12/7
Dy, By, 28/7
Fg/2 Fgp 24/7
¥g/2 Fa/2 | 8/7

F/a F/a 100/21
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Tablie 1V, Dij coefficiente in 33'3
i g s ]
S1/2 Y512 €
Sy/2 Fa/z &
Py/e Ps/a 5
Py Dy 36/5
P3/Z DS/Z 24/5
Dy/2 Fs/2 24/5
Bs3/2 Fa/2 &/3
Dg/, £502 16/5
DE/?. ”‘7/2 g

Table V, E'ij ceefficients in P4
A j LA
Fi/2 “1/2 &
Py €5/ 12/7
I;'3/2 E7/2 _4:(}/?
D3/, D5/, 72/1
Dy, Ds/2 18/7
F5/2 F5/2 1e/7
Fs/2 F.,/z 360/77
1?7/2 b‘.;/'z 224/77
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Table VI. Fij coefficients in Pg

F..
B, /2 Fo /2 | 40/3
Bs /2 Fora 100/7
Dg/2 ¥1/2 46/7
Table VIL Gii coefficients in Pé
F5/2 F1/2 200/11

= gz
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T, (lab) (Bev)
T MU-19237-A
Fig. 1.

Total cross section for @ 4 pand 7 + p
scattering vs pion kinetic energy in the
laboratory system. For all references see
Ref. 4.



(arbitrary units)

-2 1- UCRI.-9594

| | 1 [ I I I i

—

— D3/t Fs,0

——Ps,5tFs5,2

oL 11
0O 08 06 04 02 O -02-04 -06-08 -0
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MUB-632

Fig. 2. Differential cross section for pure spin-flip
scattering, as calculated in Sec. III-B.
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o] 80 160 240 320
Ht,tz ,12 Temperature ( °K)

MU-19596

Fig. 3. Relative sensitivity of nuclear emulsions

as a function of temperature. The triangles
are our points; all other points are those
of Waniek (Ref. 11). '
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Fig. 5. Lateral intensity distribution of the m mesons
in the beam, measured by counter telescope.
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Fig. 6. Number of tracks per unit area of 600-p
emulsion obtained during a run, (b) without,
and (c) and (d) with, liquid hydrogen in

the target container.



Grains /100

60

50

40

30

20

-32- UCRL-9594

T

-10

70

MU=-1959»

Fig. 7. Direction angle vs grain count distribution;
typical experimental data obtained from
four pellicles.
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{ This experiment

Histogram : Erwin and Kopp

o

1 |

|
0 08

Fig. 8.

[
06 04 02 O -02-04-06-08 -I.g

Cos Beom.

Differential cross section for n 4+ p
scattering vs cos 0, where 6 is the
pion scattering angle in the center-of-
mass system. Typical numbers of protons
are given next to some of our points. The
data on Erwin and Kopp (histogram) are
obtained at 950-Mev pion energy. The
curves are discussed in Sec. III-A,

N
O

Number of events (Erwin and Kopp)

MUB-630
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Fig. 9. Differential cross section for ™ + p

scattering vs cos 6, where 6 is the
pion center-of-mass angle. The experi-
mental points are the same as those in

Fig. 8. The curves are calculated in
Sec. III-B.
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